Spatiotemporal patterns of gene expression are fundamental to every developmental program. The resulting macroscopic domains have been mainly characterized by their levels of gene products [1] [2] [3] . However, the establishment of such patterns results from differences in the dynamics of microscopic events in individual cells such as transcription. It is unclear how these microscopic decisions lead to macroscopic patterns, as measurements in fixed tissue cannot access the underlying transcriptional dynamics [4] [5] [6] [7] . In vivo transcriptional dynamics have long been approached in single-celled organisms [8] [9] [10] [11] [12] , but never in a multicellular developmental context. Here, we directly address how boundaries of gene expression emerge in the Drosophila embryo by measuring the absolute number of actively transcribing polymerases in real time in individual nuclei. Specifically, we show that the formation of a boundary cannot be quantitatively explained by the rate of mRNA production in each cell, but instead requires amplification of the dynamic range of the expression boundary. This amplification is accomplished by nuclei randomly adopting active or inactive states of transcription, leading to a collective effect where the fraction of active nuclei is modulated in space. Thus, developmental patterns are not just the consequence of reproducible transcriptional dynamics in individual nuclei, but are the result of averaging expression over space and time.
Results
To monitor the transcriptional dynamics that lead to the formation of these boundaries, we have adapted a technique from single-celled organisms [8] [9] [10] [11] [12] that has been previously used to track mRNA in fly embryos [13] . Our technique allows for in vivo monitoring of nascent mRNA transcripts using a DNA sequence that upon transcription forms an mRNA stem loop. Cassettes with multiple copies of the stem loop are bound specifically by a constitutively expressed protein fused to GFP resulting in spatially localized fluorescence ( Figure 1A) .
Using this technique, we examine the step-like expression of the Bicoid (Bcd) activated hunchback (hb) P2 enhancer and promoter (Figures S1A and S1B available online), one of the best-studied expression patterns in the fly embryo [14, 15] . The P2 enhancer is one of three enhancers involved in the establishment of the endogenous hb pattern [16] . Reporter constructs for the P2 enhancer constitute an easily accessible model for the formation of developmental patterns in general, rather than reflecting on endogenous pattern formation. We drive the expression of a lacZ reporter gene with the mRNA stem loops located at its 5 0 end ( Figure 1A ). Approximately 5 min into the ninth round of nuclear division, nuclear cycle (n.c.) 9, fluorescent spots associated with nuclei emerge within the syncytial blastoderm ( Figure 1B) . We detect single peaks of fluorescence activity during well-defined time windows that are synchronous with the rapid nuclear cycles in the early embryo (Movie S1). In n.c. 14, the expected step in zygotic expression is apparent in a surface layer of cells along the w500 mm long axis of the embryo ( Figure 1C ). The bright spots are sites of nascent transcript formation, as confirmed by mRNA fluorescence in situ hybridization (FISH) [17] . Their fluorescence is directly proportional to the number of actively transcribing polymerase molecules ( Figures S2A and S2B ). Thus, we extract fluorescent traces reflecting transcriptional activity in individual nuclei as a function of space and time ( Figures 1D and S2C-S2G ).
To validate that these fluorescence dynamics faithfully recapitulate actual transcription, we measure the rate of transcript elongation in live embryos. This is accomplished by using an additional reporter construct in which the MS2 stem loops are located at the 3 0 end of the lacZ gene, instead of the 5 0 end. Upon entering a n.c., the onset of expression of the 3 0 construct shows a clear delay with respect to the 5 0 one (Figure 2A and Movie S2). The time delay measured over multiple embryos yields a rate of elongation r elongation = 1.54 6 0.14 kb/min (Figure 2A ). Measurements performed in Drosophila cell culture and in fixed embryos of 1.1-1.5 kb/min [18] are in agreement with our approach, suggesting that our technique gives direct access to the underlying transcriptional dynamics.
To connect the dynamics of transcription initiation (5 0 signal) to the dynamics of transcription termination (3 0 signal), we compare the fluorescent traces obtained with the two constructs in n.c. 14 ( Figure 2B ). Given the difference in construct geometry (see the Supplemental Experimental Procedures) and the same rate of polymerase loading, the overall signal of the 5 0 construct should contain 3.6 times more labeled mRNA molecules than the 3 0 construct. A deviation from 3.6 would indicate that not all initiated mRNA molecules are terminated and are possibly aborted during elongation. We find a ratio between the maximum polymerase loading of both signals of 3.3 6 0.5, consistent with the majority of mRNA molecules being transcribed to termination. Therefore the dynamics of the larger 5 0 signal can be used as a proxy for the production of full transcripts.
We link the transcriptional dynamics of the 5 0 construct to the emergence of the macroscopic pattern, whose formation results from the accumulation of cytoplasmic mRNA transcripts with a half-life of over 3 hr [19] (in comparison, endogenous hb transcripts are stable for w60 min [17] ). This accumulation of mRNA is estimated by integration of the fluorescence traces of individual transcription spots over time ( Figure S3A ). We recover the spatial profile by averaging these integrated traces over nuclei in bins of 2.5% egg length (EL) along the anterior-posterior (AP) axis ( Figures 3A, S3A , and S3B). Comparison of this spatial profile to that obtained by FISH counts of cytoplasmic transcripts confirms that the patterns obtained with both methods are comparable within experimental error (Figures S3D-S3H ).
mRNA FISH also provides a control for the behavior of our construct in terms of absolute counts of mRNA molecules. We count an absolute number of (220 6 20) molecules produced per nucleus in the anterior region during n.c. 13 ( Figures  S3D-S3H ). Assuming uniform polymerase loading on the gene and that each fluorescent spot contains two replicated sister chromatids [17, 20] , this number corresponds to an average spacing of 150 6 30 bp per gene, and a loading rate of one molecule every 6 6 1 s per promoter. These results are consistent with absolute counts of endogenous hb mRNA and the maximum estimated rate of polymerase loading in fixed embryos [17, 21] . These numbers allow us to calibrate the integrated profile ( Figure 3A ) and the fluorescent traces ( Figure 1D ) in terms of the absolute number of mRNA molecules produced and the number of actively transcribing polymerase molecules, respectively ( Figure S3H ).
Developmental boundaries are characterized by the width of their transition region and their dynamic range of expression ( Figure 3A and S1B). The width determines the spatial resolution of adjacent developmental states [3, 22] , while a large dynamic range allows for deterministic downstream decisions [23, 24] . Our obtained spatial profile displays a first clear sign of a boundary during n.c. 13 . The width of the transition does not change significantly between n.c. 13 (21% 6 2% EL) and n.c. 14 (20% 6 2% EL). On the other hand, the dynamic range of the boundary changes noticeably between n.c. 13 and n.c. 14 from 5.8 6 0.8 to 26 6 2 ( Figure 3A) , as confirmed by lacZ-mRNA FISH ( Figure S3H ). Figure S1 and Movie S1.
Our live-imaging approach gives us the opportunity to determine the microscopic dynamics of transcription that lead to the formation of macroscopic pattern boundaries. The modulation of transcription along the AP axis is thought to determine the differential accumulation of gene product that ultimately generates the boundary ( Figure S1B ). Nuclei are expected to determine their rate of RNA polymerase (RNAP) loading based on the local concentration of the Bcd input gradient ( Figures S1A and S1D) [2, 23, 25, 26] . Additionally, the window of time over which transcription occurs is modulated due to varying Bcd activator concentration during interphase (Figure S1C-S1E) [27] . In order to extract the rate of polymerase loading and the time window of active transcription at different positions along the AP axis, we use a simple effective model of transcription. In this model, the promoter becomes active at a time t on after mitosis and RNAP molecules are loaded at a constant rate. This effective rate is the combination of microscopic processes such as polymerase binding to the promoter, promoter-proximal pausing and its subsequent release. At a time t off , the promoter is turned off and polymerase loading ceases, defining the window of time (t off -t on ) over which transcription is active ( Figures 3B and 3C) . We find that the proposed model closely follows the average time trace of all active transcription sites within a given 2.5% EL region during n.c. 13 ( Figure 3B ). The equivalent traces during n.c. 14 follow similar initial dynamics, but display a slowly decreasing fluorescence signal ( Figures 3C, S4A, and S4B) . It is plausible that in n.c. 13 transcription initiation is being turned off by the decay in nuclear Bcd levels upon mitosis entry [27] or by mitotic repression [28] . In contrast, transcription in n.c. 14 shuts down an hour before any cell undergoes mitosis. This shutdown could be related to the presence of high gap gene expression levels at that stage whose repressive function overrules that of the Bcd activator [27, 29, 30] . By fitting our model to the data, we extract the rate of polymerase loading and the time window of transcription as a function of AP position ( Figures S4F and S4G ). As expected from the pattern of mRNA accumulation ( Figures 3A and S1 ), the rate of polymerase loading in individual nuclei is modulated along the AP axis in a step-like manner ( Figure 4A ). Nuclei in the anterior region express at higher rates than nuclei in the posterior region, and the levels both in n.c. 13 and n.c. 14 are comparable. The average rate of polymerase loading in the posterior of the embryo is given by the basal activity of the reporter construct in the absence of the Bcd activator ( Figures 4A and S5 and Movie S3). In contrast to the rate of polymerase loading, the window of time during which transcription is active displays only a moderate variation along the AP axis during n.c. 12 and 13 ( Figures 4B and S4C-S4E) . However, n.c. 14 shows a clear modulation in the transcription time window as a function of AP position with a dynamic range of 1.9 6 0.1.
Are these two extracted parameters (i.e., the effective rate of polymerase loading and the transcription time window) sufficient to recover the measured total amount of mRNA? In our effective model of transcription and in the absence of any other regulatory mechanisms, the total amount of mRNA produced per nucleus ( Figure 3A) should equal the product of these two extracted parameters ( Figures 4A and 4B) . Indeed, we find a reasonable agreement between the two curves in n.c. 13 ( Figure 4C , green and black curves), indicating that the modulation of these two microscopic parameters is enough to explain the formation of the macroscopic pattern. However, in n.c. 14 the same approach fails to quantitatively reproduce the directly measured total amount of mRNA (Figure 4D , green and red curves). Combining dynamic ranges of 4.8 6 0.2 (rate of polymerase loading; Figure 4A ) and 1.9 6 0.1 (time window; Figure 4B ) is not enough to recover the observed 26-6 2-fold dynamic range in n.c. 14. Therefore, an additional regulatory mechanism that serves as an amplifier (A) Total amount of mRNA produced as a function of AP position for n.c. 12 (blue; n = 13), n.c. 13 (black; n = 24), and n.c. 14 (red; n = 24) (see the main text and Figures S3A-S3C ). mRNA production is normalized per equivalent n.c. 14 cell (i.e., the production per cell in n.c.12 and n.c. 13 is divided by four and two, respectively); error bars show the SE over multiple embryos. The dynamic range, defined as the ratio between maximum and minimum expression of the pattern ( Figure S1B ), is 5.8 6 0.8 and 26 6 2 for n.c. 13 and n.c. 14, respectively.
(B and C) Model of transcriptional dynamics: transcription is turned on at a time t on after mitosis with a constant rate of polymerase loading, resulting in a linear increase in fluorescence. After a time t elongation = 3.4 6 0.3 min (i.e., the ratio between the length of the gene of 5.4kb and r elongation ), the first polymerase that was loaded will terminate transcription and leave the transcription site. A steady state of polymerase density (i.e., a stable fluorescence level) between newly loaded and terminating polymerases will persist until the promoter is turned off at t off . Polymerase loading ceases, and the remaining polymerases terminate transcription at the reverse (negative) rate with which they were loaded. The difference between the turn off and turn on times defines the transcription time window (top arrows). The green curve shows a typical three-parameter fit to the mean fluorescence of nuclei located in a bin of size 2.5% EL centered around 30% EL in n.c. 13 (B) and n.c. 14 (C). In for the dynamic range of the final gene expression boundary is necessary. The mechanism of this amplifier is revealed by quantifying the number of nuclei in which transcription is detected as a function of AP position. All nuclei anterior to the boundary show expression, whereas only a fraction of the posteriorly located nuclei display activity ( Figure 4E and Movie S4). No transcription is detected in inactive nuclei at any time point in the cycle. In n.c. 12 and 13, the local fraction of active nuclei across the boundary is only moderately modulated ( Figure 4F ). However, a strong modulation in the fraction of active nuclei is observed in n.c. 14, with a dynamic range of 2.3 6 0.1. Interestingly, the fraction of active nuclei at the posterior end, where vanishing concentrations of Bcd protein are present [26] , is higher than the fraction of active nuclei in the absence of Bcd (Figures 4F and S5D) . This might indicate a uniform Bcd-dependent change in overall capacity of nuclei to transcribe. Moreover, we observe no preference for inactive n.c. 13 nuclei to divide into inactive daughter nuclei in n.c. 14, indicating that the state of nuclear activity is not transmitted through mitosis 13 ( Figure S6A ).
The switching of nuclei in n.c. 14 is independent of the control of the rate of polymerase loading. First, although the profile of the rate of polymerase loading is comparable in n.c. 13 and 14 ( Figure 4A ), the control of the fraction of active nuclei only becomes relevant in n.c. 14 ( Figure 4F ). This behavior indicates an overall change in transcription leading to the onset of the regulation of nuclear activity. Second, the rate of polymerase loading and the fraction of active nuclei present significantly different spatial patterns in n.c. 14 ( Figure S6B) , suggesting that they are distinct consequences of the input activator. Finally, lack of detection of active nuclei in n.c. 14 is not due to a substantial fraction of fluorescent spots falling below our detection limit. We estimate our systematic error to be less than 5%, well below the detected modulation in the fraction of active nuclei ( Figure S2I ).
Adding regulation of nuclear activity to our model leads to a good agreement between the directly measured total amount of mRNA produced and the product of the three dynamic parameters ( Figure 4D , cyan and red curves), i.e., the rate of polymerase loading, the transcription time window, and the fraction of active nuclei. The random patches of active and inactive nuclei along the boundary ( Figure 4E and Movie S4) eventually lead to a final smooth cytoplasmic mRNA profile ( Figure S3H ), suggesting that averaging at the level of cytoplasmic mRNA both in space and time is required [17, 23] . Therefore, it is these three basic microscopic features of transcriptional dynamics that are both necessary and sufficient to describe the formation of the macroscopic boundary. 
Discussion
In multicellular organisms the formation of macroscopic patterns is believed to be the result of dynamical decisions made in individual cells [23, 31] . However, this relation cannot be tested using available fixed-tissue techniques, as they are unable to directly report on the dynamics of transcription. By monitoring transcriptional dynamics in living embryos we demonstrate that the formation of a pattern boundary can only be partially described by the modulation of the rate of polymerase loading and the time window of transcription ( Figure 4D) . The large dynamic range of developmental transcription boundaries is only recovered when the extra regulation of stochastic nuclear activity is added. Cytoplasmic mRNA patterns result from the average production of active nuclei over space and time. Such a regulatory strategy is not restricted to a syncytial blastoderm, where all nuclei share a common cytoplasm. In the presence of membranes, activated cells could still secrete signaling molecules in order to reach a similar spatiotemporal averaging of the output [32, 33] . Based on fixed tissue experiments, it has been suggested that the presence of nuclei with random activation states is related to various mechanisms of transcriptional precision [6, 7] . However, we were able to shed light on the role of this regulation in the formation of patterns in the early Drosophila embryo only through direct live imaging of nuclear activity. For example, it was unclear whether stochastic transcription corresponds to nuclei turning on and off repeatedly or whether it results from nuclei not turning on at all over the whole nuclear cycle. Here, we provide evidence for the latter scenario. Furthermore, this mechanism has no clear analog in single-cell systems, and its molecular basis remains unclear. The fact that it occurs only during n.c. 14, but not in any of the previous cycles, suggests that its onset may be related to the midblastula transition (MBT) [34] . MBT marks the large-scale activation of the zygotic genome resulting in the presence of additional factors such as gap genes and repressor gradients that can change the regulatory landscape [2, [35] [36] [37] . In fact, posterior repressor gradients have been suggested to play a key role in the establishment of boundaries and could be responsible for the observed stochastic inactivation of nuclear activity [37] . A systematic screen in mutant backgrounds will be required in order to uncover which molecular species is responsible for this stochastic regulation.
Our quantification of the dynamics of transcriptional regulation and of its relationship to pattern formation exemplifies the level of genetic and quantitative control available in the fly embryo. This approach can be extended to other reporter constructs and to endogenous genes in Drosophila and in other multicellular organisms. In particular, it will be interesting to determine how the dynamics of the wild-type hb boundary compares to the dynamics observed in the context of the simple construct addressed in this work.
Experimental Procedures
Female virgins maternally expressing MCP-GFP and Histone-RFP were crossed with males of the reporter line. Collected embryos were imaged using two-photon microscopy [26] . At each time point, a stack of ten images separated by 1 mm was acquired. MCP-GFP spots are detected and quantified in 3D [17] and assigned to the closest segmented nucleus. All animal usage is under the approval of Princeton University's Institutional Animal Care and Use Committee.
For details on transgenic fly construction, sample preparation, and data acquisition and analysis for both live imaging and mRNA FISH, please refer to the Supplemental Experimental Procedures.
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